Use of phenotypic selection and hypocotyl properties as predictive selection criteria in pumpkin (Cucurbita moschata Duch.) rootstock lines used for grafted cucumber (Cucumis sativus L.) seedling cultivation
Introduction
Cucumber cultivation is a widespread practice throughout the world. In the last decade, global cucumber production increased by 58% and reached 75 million tons (http:// www.fao.org/faostat/en/#data/QC). A contributing factor to the increase in production is the now widespread use of grafted cucumber seedlings, which enables tolerance to biotic and abiotic stress conditions (Louws et al., 2010; Schwarz et al., 2010; Bekar et al., 2017) . The first studies on grafting in cucumber were carried out in the 1960s to increase the tolerance to Fusarium wilting disease and low temperatures (Marukawa and Takatsu, 1969) . Today, grafted cucumber seedlings are used at varying rates around the world: 94% in Japan (Bie et al., 2017) , 95% in Korea (Davis et al., 2008) , 30% in China (Huang et al., 2014) , 11% in Taiwan , 10% in Greece (Diánez et al., 2007) , and 3% in France (Diánez et al., 2007) . In Turkey, 8% of the total cucumber seedling production is composed of grafted seedlings. In 2015, grafted cucumber seedling production reached 9 million seedlings (Yetişir, 2017) . Today, rootstocks derived from C. moschata (pumpkin), C. maxima × C. moschata, and Cucurbita ficifolia species are used as rootstocks for cucumber (Balkaya, 2014) . The use of hybrid C. moschata rootstock is more common due to its positive effect on the yield and quality of cucumber, cheaper rootstock seeds, and higher graft compatibility of the rootstocks (Sakata et al., 2007 (Sakata et al., , 2008a (Sakata et al., , 2008b . The hole insertion, splice, tongue approach, cleft, excised-root, and pin grafting methods are used in grafted cucumber seedling production (Davis et al., 2008; Balliu and Sallaku, 2017) . However, in recent years, hole insertion and splice grafting methods are preferred in graft production facilities for providing higher labor productivity (Oda et al., 2001; . Surface area is also higher for healing after grafting in these methods (Oda, 2007) .
Incompatibility can emerge when squash rootstocks are grafted with cucumber and melon (Oda et al., 1994; Aloni et al., 2008) . Graft incompatibility occurs as a result of hormonal (Aloni et al., 2010) , genetic (Edelstein et al., 2004) , and physiological (Aloni et al., 2008) factors. Hypocotyl properties of rootstocks are important factors in the success of grafted seedling production. An excessively long hypocotyl obstructs the attachment of the graft clip to the dissection point, while an excessively short hypocotyl complicates grafting (Yıldız and Balkaya, 2016) . Therefore, hypocotyl properties of candidate genotypes in rootstock breeding programs and their graft compatibilities with different scions are among the important selection criteria (Cousins, 2005; King et al., 2010; Yıldız and Balkaya, 2016) . Today, rootstock breeding programs for vegetables are mostly carried out to establish disease resistance and increase yield. A review of the relevant literature showed that there were few studies concerning hypocotyl morphology-based selection in rootstock breeding. This study will provide a detailed investigation of the effects of hypocotyl morphology, seedling visual evaluation, and graft compatibility-based selection on new cultivar development for the breeding of new cucumber rootstocks.
Graft compatibility depends on the rate of scar tissue repair and the reestablishment of transfer in the phloem and xylem on the dissection surface (Martínez-Ballesta et al., 2010) . This necessitates similar cambial regions in the dissection point both in the rootstock and in the scion (Pina and Errea, 2005) . In some cases, some morphological differences emerging in later periods of rootstock and scion development can negatively affect seedling quality in spite of the previously established graft compatibility. The structural state of the pith cavity is one of the factors that can cause this problem. Differences due to pith cavity characteristics can even occur in genotypes that have similar vascular number and hypocotyl thickness. Having an excessive pith cavity area can hinder the reconnection between the present vascular bundles (Tiedemann, 1989) . Notably, the roots forming on the scion of grafted seedlings can elongate and form roots with the rootstock through the pith cavity, thereby reducing the resistance of cucumber to soil-borne factors . This also negatively affects the success rate of grafting and seedling quality. Numerous studies have focused on the effects of hypocotyl thickness and vascular bundle number on the success of grafting (Oda et al., 1993; Traka-Mavrona et al., 2000; Edelstein et al., 2004; Yetişir and Sarı, 2004; Farhadi et al., 2016) . However, no detailed studies on the effect of the pith cavity on graft incompatibility were found in the relevant literature. This study aims to select promising rootstocks based on their hypocotyl properties, seedling visual evaluation, and graft compatibility among the pumpkin rootstock genotypes included in the squash rootstock breeding programs. Furthermore, we aim to provide insight into the future use of the selected rootstocks in the development of hybrid rootstocks for grafted cucumber seedling production.
Materials and methods

Plant materials
In this study, 25 pumpkin rootstock lines in the S 7 generation obtained from studies by Balkaya et al. (2010) and Karaağaç and Balkaya (2013) and 27 pumpkin (C. moschata) lines obtained from the USDA-ARS Seed Gene Bank (USA) were used as rootstocks (Table 1 ). These lines were tested against Fusarium oxysporum f. sp. cucumerinum, and resistant materials were selected for the hybrid rootstock breeding program (Göçmen et al., 2014) . In this study, C. moschata (Early type F 1 , Kitora F 1 , Bodyguard F 1 ) and C. maxima × C. moschata hybrid cultivars (TZ-148 F 1 , S. Shintosa F 1 , Ultra F 1 ) were used as the control rootstock cultivars ( (Karaağaç, 2013) . The experiment was carried out in three replications and designed in accordance with a randomized block experimental design such that each replication comprised 30 plants. The Gordion F 1 cucumber cultivar (Monsanto Seed Company, USA) was grafted onto the genotypes used as the rootstocks by using the splice grafting method 15 days after seed sowing at Antalya Tarım Inc. . Grafted seedlings were placed in a 0.02-mm-thick transparent polyethylene greenhouse plastic and a controlled 0.05-mm black mulch plasticcovered low tunnel in a greenhouse at 20 µmol m -2 s -1 light intensity, 95% relative humidity, and 27 °C for 5 days. Then the black much was removed. Grafted plants were periodically disinfected against fungal diseases with fungicides containing 8% metalaxyl + 64% mancozeb and 25 g fludioxonil + 10 g mefenoxam as active substances. Grafted seedlings were also periodically sprayed with 0.5% Cu-, 1.1% Mn-, and 0.5% Zn-containing 1 mL L -1 solution during 10 days (Karaağaç, 2013) .
Hypocotyl length was measured with a ruler at the time of grafting. For cross-sectional area (mm 2 ), pith cavity area (mm 2 ), and vascular bundle measurements, a section of 0.25 mm in thickness was taken using a scalpel. Images of the cross-section were photographed using a Zeiss Axio Lab A1 microscope at 100× magnification. Then length and area values were determined using the Zen imaging system (Pu et al., 2016) . The pith cavity rate (%) was determined by proportioning the pith cavity area to the cross-sectional area of the hypocotyl. Graft compatibility and seedling visual evaluation were evaluated 20 days after grafting. The viable grafted seedling number was divided by the grafted seedling number to determine the % graft compatibility rate (Yetişir et al., 2007; Karaağaç, 2013) . Seedling quality was visually evaluated on a scale of 1 (very weak) to 5 (very good) by a research team composed of technical staff with expertise in commercial grafted seedling production. The research team also carried out a separate evaluation based on the rooting level and general appearance of the grafted seedlings. Rooting levels of the scions in the grafted seedlings were categorized as high, intermediate, few, and absent by visually evaluating both the inner part using the vertical section dissected from the hypocotyl and the outer part.
Data analysis
The results of the study were first tested for normality to determine their conformity to a normal distribution. Variance analysis was carried out using the SAS-JMP 5.01 statistical package program to determine the statistical significance of the investigated criteria and differences among genotypes. Angle transformation was applied for pith cavity rate and graft compatibility rate. The data were also evaluated using the weighted-ranking method (Balkaya and Yanmaz, 1999; Balkaya et al., 2008) . Class values of the selection criteria, class scores, and relative scores were assigned. The total points of the genotypes were calculated by summing the class scores multiplied by the relative scores. Moreover, correlation analysis was used to determine whether there was a statistical relationship between the investigated physical characteristics.
Results and discussion
The statistical significance level of the differences among the pumpkin rootstock genotypes was 1% in terms of all investigated properties. Hypocotyl lengths of the pumpkin rootstocks varied between 3.06 cm (Kitora F 1 ) and 4.78 cm (MO-36) ( Table 2) . Yıldız and Balkaya (2016) reported that the hypocotyl length varied between 2.9 cm and 4.8 cm in grafted cucumbers. In other studies of the same family for watermelon grafting, Yetişir and Sarı (2004) reported a hypocotyl length between 2.0 cm and 6.9 cm and Karaağaç (2013) reported between 2.7 cm and 5.9 cm. Hypocotyl length is an important criterion for ease of grafting, and an excessively long or an excessively short hypocotyl is not preferred for grafting (Yıldız and Balkaya, 2016 ) genotypes. The hypocotyl cross-sectional area rate between rootstock and scion varied between 0.63 and 1.91. Yetişir and Sarı (2004) determined that this value varied between 0.96 and 1.53 in watermelon rootstocks and reported that it did not affect graft compatibility. However, since it facilitates grafting and allows better callus bridge formation by minimizing slipping on the dissection surface, it is advantageous to have similar thickness values.
In the pumpkin rootstocks, the lowest pith cavity areas were measured in the MO-34 (0.59 mm (Table 2 ). The greatest variation among pumpkin rootstock genotypes was determined in pith cavity rate, which varied between 10.3% (MO-22) and 65.2% (MO-23) (Table 2; Figure 1) . The results showed significant differences among the genotypes with similar hypocotyl thicknesses in terms of cavity rate (Figure 1 ). For example, although the hypocotyl thicknesses of the MO-28 and MO-23 genotypes were the same, their pith cavity values were 18.3% and 65.2%, respectively (Table 2) . Yetişir and Sarı (2004) , Edelstein et al. (2004) , and Yıldız and Balkaya (2016) reported that there was no relationship between hypocotyl thickness and grafting success. This is attributable to the differences in pith cavity area, which was not investigated in those studies. In this study, the MO-22 and MO-20 genotypes stood out with their low pith cavity rates. In general, grafting success and seedling quality were higher in rootstocks with low pith cavity rates.
Of the genotypes tested, 78% had 6 vascular bundles (Table 3 ). The number of vascular bundles in 11 pumpkin rootstocks varied between 8 and 12. All small-fruited rootstock genotypes in the Calabaza and Butternut group had 6 vascular bundles. Vascular bundle numbers of most of the large-fruited pumpkin rootstock genotypes were higher than the average of 6. The average vascular bundle number of all investigated C. moschata rootstock genotypes was 6.77. Similarly, Oda et al. (1994) reported that C. moschata rootstock cultivars (Unryuh and Kongo) had 6 vascular bundles. Yetişir and Sarı (2004) reported that the local pumpkin cultivar had 8.1 vascular bundles and that the interspecies hybrid Cucurbita rootstock cultivars had 6.4 vascular bundles. Edelstein et al. (2004) reported that this value varied between 6 and 10.6 in Cucurbita spp. rootstocks. The results showed that there was no relationship between vascular bundle number and graft success rate, which agrees with previous studies (Oda et al., 1993; Edelstein et al., 2004; Yetişir and Sarı, 2004) . Graft success rates varied between 56% and 100% in pumpkin genotypes (Table 3 ). According to grafting trials, a 100% success rate was obtained in 25 rootstock genotypes including the commercial rootstocks. The lowest success rate (56%) was recorded for the MO-10 and MO-13 pumpkin genotypes. The graft success rates in cucumber for different rootstock scion combinations were between 50% and 87% in a study by Yıldız and Balkaya (2016) and between 78% and 100% in a study by Cansev and Ozgur (2010) .
No scion rooting was observed in 12 rootstocks, while the remaining rootstocks showed moderate or high levels of rooting (Table 3 ). It was determined that larger pith cavity volume had a negative effect on the establishment of connections between the callus bridge and vascular bundle, resulting in grafting failure. A review of the relevant literature showed that there was no study on the effects of pith cavity on grafting properties. However, Tiedemann (1989) and TrakaMavrona et al. (2000) reported that pith cavity may have a negative effect on graft compatibility. In the graft union, the scion surface transforms into stem cells and forms outward roots from within the rootstock through the unfilled pith cavity (Figure 2 ). This also increases graft incompatibility and facilitates root elongation from the outer parts of the scion. One of the higher pith cavity rates was determined in the MO-32 genotype, which also showed both external and internal scion rooting (Figure 2) . Reexamination of the graft union on this genotype 20 days after grafting showed that its pith cavity was poorly filled with callus tissue and there was a 1.33-mm-wide cavity on the union (Figure 2) .
Seedling visual evaluations showed that the scale values of the grafted cucumber combinations varied between 1.5 and 5.0 (Table 3) . In addition to the TZ-148 and Early type control genotypes, the MO-4, MO-6, MO-21, MO-22, MO-31, MO-37, and MO-38 rootstock genotypes received the highest scores in terms of seedling quality. The statistical significance of the relationships between the investigated properties was determined using correlation analysis (Table 4 ). There was a positive correlation between hypocotyl length and hypocotyl crosssectional area (r: 0.64, P < 0.01) (Table 4) . However, there was no statistically significant relationship between graft success rate and rooting and hypocotyl length. There was also no distinct relationship between the hypocotyl crosssectional area and graft success rate and scion rooting. Oda et al. (1993) and Farhadi et al. (2016) reported that there was a negative correlation between differences in hypocotyl thickness and graft compatibility rates in cucumber/squash rootstock combinations, while Traka-Mavrona et al. (2000) reported that similar hypocotyl thickness increased the success rate of grafting. Yetişir and Sarı (2004) , Edelstein et al. (2004) , and Yıldız and Balkaya (2016) reported that there was no significant relationship between hypocotyl length and graft success rate. These differences among the studies are attributable to the differences in cultivars, grafting methods, and environmental conditions after grafting. There was a positive correlation between graft success rate and seedling strength. One of the most important factors negatively affecting graft success rate was scion rooting (Table 4) . It was also determined that scion rooting depended on the pith cavity rate rather than the pith cavity area. Scion rooting decreased with a decreasing pith cavity rate. The results showed that seedling quality was higher in rootstock/scion combinations with a low pith cavity rate (r: 0.56, P < 0.05) and no scion rooting (r: -0.59, P < 0.01).
Analysis of variance was applied to 42 inbred lines from the cucumber rootstock breeding program considering hypocotyl morphology, seedling visual quality, scion rooting tendency, and graft success rate, and a criteria-based interpretation of the genotypes was performed. However, the rankings of most genotypes varied depending on the investigated properties; therefore, the weighted ranking method was employed to select the promising pumpkin genotypes. The selection criteria and class and relative scores are given in Table 5 . The total scores of the genotypes varied between 120 and 460 (Table 6 ). The average score of the control rootstocks was 360. In terms of hypocotyl properties, pumpkin genotypes performed better compared to interspecies hybrid pumpkin rootstocks. The , , and MO-37 (440) pumpkin rootstocks outranked the Early type F 1 (420) and Bodyguard F 1 (420) cultivars in the control group, which received the highest scores among the control group. These rootstocks are within the desired limits in terms of hypocotyl properties, graft compatibility, and scion rooting tendency. According to weighted ranking scores, the 12 pumpkin genotypes that scored 400 or higher were selected as promising rootstocks candidates (Table 6 ). The results collectively led to the conclusion that with good graft compatibility, a low permissiveness to scion rooting, a low pith cavity area and rate, and high scores in visual based seedling quality, the MO-38, MO-21, MO-37, MO-4, MO-9, MO-22, and MO-28 pumpkin genotypes were the most suitable parents for hybridization programs aiming to develop hybrid cultivars for rootstock breeding programs. ), PCR: pith cavity rate (%), GSR: grafting success rate (%), GSQ: grafted seedling quality, SRS: scion rooting status.
In conclusion, the cost of grafted seedling production is 3-to 4-fold higher than the cost of nongrafted seedling production. To reduce the costs, grafted seedling producers should achieve higher graft success rates and produce higher-quality seedlings. Although the factors causing graft incompatibility are not yet fully elucidated, there are numerous fundamental studies investigating the hormonal, anatomical, and physiological properties. However, there are no morphological indicators for the effective evaluation and selection of the currently available genotypes to provide high graft compatibility and seedling quality in rootstock breeding programs. The selection criteria proposed in this study can greatly contribute to the literature concerning grafted cucumber production.
This study showed that there was a statistically significant and negative relationship between high graft compatibility and high-quality seedling production and pith cavity area/hypocotyl cross-sectional area. The study revealed that the pith cavity properties of genotypes should also be investigated in rootstock breeding programs. Pumpkin genotypes for the cucumber rootstock breeding program were selected based on the weighted ranking method, which considered the hypocotyl and pith cavity properties, graft compatibility, and seedling quality criteria. According to the results, the MO-38, MO-21, MO-37, MO-4, MO-9, MO-22, and MO-28 genotypes were selected as promising pumpkin parents for hybrid rootstock breeding programs due to their high graft compatibility and lack of rooting problems. Thus, the first stage of developing local hybrid cucumber rootstocks in Turkey was accomplished.
